Neutrophil (PMN) infiltration of the intestinal mucosa often leads to severe epithelial injury, however how this process occurs is unclear. The current work describes a novel mechanism, whereby membrane derived microparticles released by tissue infiltrating PMNs (PMN-MPs) serve as shuttles to protect and deliver active mediators to locally modulate cellular function during inflammation. Specifically, myeloperoxidase (MPO), which is abundantly expressed in PMN azurophilic granules and used for microbial killing, was found to be mobilized to the PMN surface and subsequently released in association with PMN-MPs upon PMN activation and binding to intestinal epithelial cells (IECs). The enzymatic activity of PMN-MP-associated MPO was enhanced compared to soluble protein, leading to potent inhibition of wound closure following PMN-MP binding to IECs. Importantly, localized microinjection of PMN-MPs into wounded colonic mucosa was sufficient to impair epithelial wound healing in vivo. PMN-MPs/MPOdependent inhibition of IEC wound healing was due to impaired IEC migration and proliferation, resulting from impeded actin dynamics, cell spreading, and cell cycle arrest. Thus, our findings provide new insight into mechanisms governing PMN-induced tissue injury, and implicate PMNMPs and MPO as important regulators of cellular function.
INTRODUCTION
Epithelial cells lining the lumen of the gastrointestinal tract form a barrier that separates its contents from the underlying tissue (1, 2) . Epithelial injury and impaired barrier function resulting from non-resolving inflammatory responses are common pathological features of gastrointestinal diseases, including Inflammatory Bowel Diseases (IBD) (2, 3) . Efficient epithelial wound healing is critical for the reestablishment of the barrier function and restoration of tissue homeostasis (4) . Closure of mucosal wounds involves epithelial cell proliferation and migration (5) . Unlike immune cells or fibroblasts, epithelial cells migrate as a cohesive sheet, where forward movement is achieved via coordinated cell polarization in the direction of the wound (6) , restructuring of the actin cytoskeleton (7) , and the extension of cellular membrane protrusions by the leading edge cells (8) .
Another important feature of IBD is en masse neutrophil (PMN) infiltration of the intestinal epithelium and their accumulation in the intestinal lumen (9, 10) . PMNs play a vital role in host defense, however dysregulated PMN recruitment is often associated with exacerbated inflammation and injury. Particularly in IBD, the number of PMNs in the intestinal mucosa has been correlated with severity of the disease (11) .
PMN-induced tissue injury is often associated with the release of a variety of PMN-derived soluble mediators. Specifically, metaloproteinases (MMPs), membrane-anchored disintegrin metalloproteinases (ADAMs) and neutrophil elastase (NE) are well known for their ability to modify extracellular, soluble or membrane-bound proteins to promote their rapid delivery or inactivation (12) . Myeloperoxidase (MPO) is another enzyme released by tissue infiltrating PMNs that has been linked to tissue damage in both acute and chronic inflammation (13) .
MPO is a heme-containing enzyme that is abundantly expressed in PMNs (accounting for up to 5% of total cell protein) and to a lesser degree in monocytes and subtypes of tissue macrophages (14) . In the presence of hydrogen peroxide (H 2 O 2 ) and low-molecular-weight intermediates, such as chloride, tyrosine, or nitrite, MPO catalyzes the formation of potent reactive oxygen species (ROS), such as hypochlorous acid (HOCl), tyrosyl radical, and reactive nitrogen intermediates (15) . While MPO plays a key role in the killing of ingested bacteria (16) , when released into tissues it promotes oxidative tissue damage. As such, MPO and its products have been linked to various diseases including, atherosclerosis, coronary artery disease, Arthritis Alzheimer's and IBD (17) (18) (19) (20) .
Intriguingly, recent proteome analysis revealed MPO association with PMN-derived microparticles (MPs) also termed microvesicles or ectosomes (21) . MPs are vesicles that bud off cell membranes, ranging from 100-1000 nm in diameter. MP release by leukocyte subtypes, platelets, endothelial and epithelial cells in response to cellular activation has recently emerged as a new means for cell-to-cell communication and protein transport (22) . Importantly, MPs have been shown to actively modulate cell function, and their presence in tissues has been assigned both pro-and anti-inflammatory roles (23) .
Finally, redox signaling and low levels of H 2 O 2 released by injured epithelial cells and tissue resident leukocytes are required for epithelial wound healing (24, 25) , however H 2 O 2 accumulation in inflamed tissue in the presence of MPO released by infiltrating PMNs may lead to oxidative stress and promote epithelial injury. Thus, the current work explored the potential role for neutrophil MPO in epithelial wound healing. Our studies describe a novel mechanism of MPO delivery to IECs by PMN-derived MPs under the condition of inflammation and its role in the regulation of IEC proliferation and migration during wound healing.
by fMLF (5µM in 200µl HBSS + , 15 min at 37°) and prepared using centrifugation methods as described above. Enzymatic activity of MPO in cell lysates, supernatants and associated with PMN-MPs (both human and mouse) was assessed using 2,2'-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) as the substrate in the presence of H 2 O 2 (30) .
Flow cytometry
Total MPO expression was examined following fixation and permeabilization using BD Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA) according to the manufacturer instructions. To assess surface expression of MPO, freshly isolated PMNs prior to or following stimulation were fixed and prepared for flow cytometry as previously described (31) . To determine surface protein expression on human and mouse MPs, MPs were incubated with fluorescently conjugated antibodies or relevant isotype controls for 40 minutes on ice. All cell samples were analyzed using BD FACSCANTO II and FlowJo software.
Western Blot
PMNs before and following stimulation were lysed in 1% SDS buffer (with 100mM Tris pH 7.4) containing protease and phosphatase inhibitors (Sigma), boiled, and cleared by centrifugation. Equal amounts of protein from cell lysates (determined using a BCA protein assay) or from concentrated supernatants (normalized by volume) or PMN-MPs (derived from 3×10 6 PMNs unless otherwise specified) were separated by SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were blocked for 1h with 5% non-fat milk in 0.05% Tween-20 Tris-buffered saline, and incubated with appropriate primary antibodies overnight at 4°C, followed by secondary HRP-conjugated antibodies. For protein analysis in cell supernatants equal protein loading was confirmed using Ponceau staining.
Immunofluorescence (IF) labeling
IEC monolayers grown on permeable supports or coverslips before and after the indicated treatment were ethanol fixed, blocked with 5% BSA in PBS and incubated with the relevant primary Ab (10µg/ml, over night at 4°C) either directly conjugated or followed by an appropriate fluorescently-labeled secondary antibody (1 hour at RT). For mouse tissue, punch biopsies (2mm diameter) of mucosal wounds and the corresponding non-wounded regions were frozen in OCT, cryo-sectioned (8µm width), and fixed/permeabilized with 3.7% paraformaldehyde and 2% triton in PBS as previously described (32) . All images were captured using a Nikon A1R+ confocal microscope with 60X oil objective.
Cell adhesion assays
For PMNs, BCECF-labeled PMNs (1×10 6 ) were added to IECs (grown to confluence in 12-well plates) with or without the addition of fMLF (100nM) and function inhibitory antiCD11b/CD18 mAb (CBRM1/29, 10 µg/ml). Epithelial monolayers were centrifuged at 50×g for 5 minutes to uniformly settle PMNs. Following 1 hour at 37°C, IEC monolayers and the adherent PMNs were gently washed with Hanks buffer, lysed and fluorescence intensity was measured. Adherent PMN numbers were determined from standard curves generated by serial dilution of known numbers of BCECF-AM-labeled PMNs. For IECs, single cell suspensions were generated using a non-enzymatic cell dissociation buffer (Gibco). IECs (150000 cells/condition) were resuspended in 0.1 ml Hanks solution containing Mg2+, Ca2+ and 0.1% BSA, labeled with BCECF-AM (Invitrogen) and allowed to adhere to Matrigel™ (356234, BD) coated (overnight, 10µg/ml) BSA blocked 96 well plates for 1 hour at 37°C. Fluorescence intensity of cells that remained attached to the matrix after 3 consecutive washes was measured. All fluorescence measures were done using FluoStar Galaxy plate reader at excitation/emission wavelengths of 485/535 nm.
Wound-healing assays
For in vitro scratch-wound assays IEC monolayers were grown to confluence in 24-well tissue culture plates. A linear mechanical scratch wound was generated in each well using a 20µl plastic pipette tip attached to low suction (5) . Wounded monolayers were washed once with PBS to remove detached cells and debris, and incubated in medium containing the appropriate treatment. The rate of cell migration into scratch wounds was measured by determining the surface area devoid of epithelial cells immediately after wounding (t = 0) and at subsequent time points as indicated. Where indicated, PMNs were added to scratchwounded IEC monolayers at 1 PMN to 1 IEC ratio (5×10 6 cells). However, we established that ∼50% of PMNs became adherent to IECs under these conditions, thus resulting in1:2 adherent PMNs to IECs ratio. The data are shown as percent area at each time point as indicated out of total area at t = 0. All experiments were carried out in triplicate, with at least an N = 3. Real-time videomicroscopy on scratch wounded IEC monolayers was done with an inverted phase contrast microscope (Leica) equipped with a temperature and CO 2 controlled chamber (5%CO2 at 37°C). DIC images were taken every 2 minutes for 4 hours and cell migratory patterns were analyzed of line using ImageJ software. For in-vivo assays, a colonoscopic-biopsy-wound model was used as previously described (32) . Briefly, mechanical wounds in mouse colons (2-3 sites along the dorsal aspect) were generated using biopsy forceps and a high-resolution colonoscope (Coloview Veterinary Endoscope, Karl Stortz) in anesthetized (ketamine 100mg/kg and xylazine 5mg/kg) mice. The size of inflicted wounds was measured at days 1 and 4 post-wounding. At indicated intervals, mucosal wounds were harvested and prepared for immunofluorescence analysis. When indicated at day 1 (24 hours post-wounding) PMN-MPs were injected directly into the wound area using a colonoscopy-based microinjection technique.
Proliferation
To examine the effect of MPO on cell proliferation, cell cycle analyses and 5-ethyl-2`-deoxyuridine (EdU) incorporation assays were performed. For cell cycle analyses, cells were fixed in 70% ethanol (1hr, 4°C), treated with RNaseA (50µg/ml, 1 hr, 37°C), and stained with propidium iodide (25µg/ml, 30 min, 37°C). Samples were analyzed using an LSR II flow cytometer (BD Biosciences), and distribution of cell-cycle phases was determined using FlowJo software analysis. For EdU incorporation assay a Click-iT EdU Alexa 488 cell proliferation kit (Invitrogen) was used according to the manufacturer's instructions. For invivo analysis colonic cryo-sections were stained for the proliferation marker, Ki67.
Transmission electron microscopy
PMN-MPs were resuspended in PBS, fixed by adding equal volume of 2% PFA in 0.1 phosphate buffer (pH 7.4) to final volume of 100µl and absorbed onto 400-mesh carboncoated copper grids (10 minutes). Imaging was performed using the FEI Tecnai Spirit G2 transmission electron microscope (28) .
Statistics
Statistical significance was assessed by a Student t-test or by one-way ANOVA with a Newman-Keuls Multiple Comparison Test using Graphpad Prism (V4.0). Statistical significance was set at p<0.05.
RESULTS

PMNs induce MPO-dependent inhibition of IEC wound healing
Tissue infiltration by PMNs and generation of reactive oxygen species (ROS) can lead to tissue injury. We thus asked whether PMN interactions with wounded IECs could impair wound closure, and whether these effects would be dependent on MPO, which can generate ROS, such as hypochlorous acid (HOCl) (16) . In these experiments, freshly isolated human PMNs (5×10 5 ) were added to scratch wounded Caco-2 BBe IEC monolayers (in the presence of 100nM fMLF to induce PMN adhesion, resulting in ∼1 adherent PMN to 2 IECs) immediately following wounding. Subsequently, IEC wound closure was quantified at 24 and 48 hours with or without inhibition of MPO. PMN adhesion to IECs resulted in significant inhibition of wound closure, at both time points (Fig 1A and representative  images, B) . This inhibition was significantly attenuated in the presence of specific MPO inhibitor (MPO Inhibitor I, an analog of benzoic acid hydrazyde, 1µg/ml), suggesting a role for MPO in impaired IEC healing responses. The MPO-dependent inhibitory effect of PMNs on IEC wound closure was confirmed in an additional human IEC line, T84 (not shown). To further confirm the specificity of the observed inhibitory effects to MPO activity, wound closure of murine EICs (CMT-93) was examined in the presence of WT and MPO-KO murine PMNs. Both WT and MPO-KO PMNs inhibited CMT-93 cell wound healing, however, the effect of MPO-KO PMNs was significantly reduced compared to that of WT PMNs ( Fig 1C) . While a high concentration of fMLF (500nM) has been shown to affect IEC wound healing responses (33) , in our studies lower concentration of fMLF (100nM) was sufficient to induce PMN activation and adhesion without affecting IEC restitution (Fig  1Sa) .
Wounded IECs and PMNs can produce H 2 O 2 (25) , which serves as a substrate for PMN-MPO to generate toxic oxidants that could impair healing. Thus, to simulate tissue inflammation and PMN accumulation, and to confirm the role of MPO in IEC wound healing, scratch wound assays (using Caco2 BBe and T84 IECs) were conducted in the presence of recombinant MPO with and without the addition of exogenous H 2 O 2 . Consistent with PMN effects, treatment with recombinant MPO (1µg/ml) in combination with H 2 O 2 (100µM) significantly delayed IEC wound closure both 24 and 48 hours post wounding ( Fig  1D) . Interestingly, MPO treatment alone had a small (not significant) effect on wound closure 24 hours post-wounding, however, the effect of MPO became significant at 48 hours, consistent with the idea of H 2 O 2 generation by wounded IECs and its overtime accumulation at the wound bed. With or without the addition of H 2 O 2, inhibition of MPO activity restored IEC healing responses. At the selected concentration H 2 O 2 had no effect on viability of IECs (confirmed by tunnel/PI and Annexin V staining for cell death and apoptosis respectively, not shown).
Alterations in the actin cytoskeleton facilitate MPO release by activated PMNs
Given the effect of MPO on IEC wound healing we examined cell surface localization and changes in total levels of MPO on activated PMNs. Disruption of the actin cytoskeleton, which can simulate PMN adhesion and spreading on IECs has been previously shown to induce MPO release by PMNs (34) . Thus, flow cytometric analyses were performed on nonpermeabilized (surface expression) and permeabilized (total expression) PMNs following stimulation with commonly used PMN activators; fMLF and PMA with or without pretreatment with actin-disrupting agent, Latrunculin B (Lt-B, 1µM). fMLF stimulation of PMNs with concentrations ranging from 100nM to 5µM (20min, 37°C) had no significant effect on MPO expression (5µM treatment shown in Fig 2A,B) . A modest decrease in total MPO levels was seen following PMA treatment (200nM, 20min 37°C), however, interestingly, a significant mobilization of MPO to PMN surface was observed. Importantly, sequential PMN treatment with Lt-B, which has been used to experimentally disrupt the actin cytoskeleton (1µM, 5min, 37°C, (35, 36)), followed by fMLF (5µM, 20 min, 37°C, Lt-B/fMLF) or PMA (200 nM, not shown), while increased MPO expression at the cell surface, resulted in significantly decreased total MPO levels (Fig 2A,B) , suggesting its release into the extracellular space. Representative images in Figure 2C show MPO surface expression and total levels following Lt-B/fMLF treatment compared to control conditions.
Alterations in the actin cytoskeleton are required for the release of PMN-MP associated MPO
To further define conditions of MPO release by PMNs, MPO expression was examined by immunoblotting of PMN lysates, cell supernatants and PMN-MPs, which have been shown to carry active effector enzymes and to modulate cellular function (28, 37) . PMN stimulation with Lt-B/fMLF, but not fMLF alone or PMA resulted in decreased MPO levels in PMN lysates and appearance of MPO in PMN supernatants ( Fig 3A) . Importantly, an abundance of secreted MPO under these activating conditions was found to be associated with PMNMPs (Fig 3A) . MPO association with PMN-MPs was further confirmed by flow cytometry, where PMN-MPs were compared to 1µm beads (using flow cytometer forward and side scatter). PMN-MPs were defined as particles smaller than 1µm in diameter and that stained positive for phosphatidylserine, using Annexin V (commonly used to identify membrane derived particles (38) (Fig 3B) . Representative images of a PMN-MPs (∼600nm in diameter) are shown in electron microscopy micrographs (Fig 3C) . Given the previously suggested role for MMP-9 and Annexin A1 (AnxA1) in PMN-mediated tissue injury and healing, respectively (32, 37), we also examined association of these proteins with MPs under aforementioned stimulating conditions. While fMLF and PMA stimulation of PMNs leads to enrichment of both pro-and anti-inflammatory MMP-9 and AnxA1 on MPs (respectively), intriguingly, association of these molecules with PMN-MPs following LtB/fMLF stimulation was decreased (Fig 1Sb) , suggesting stimulus dependent specificity of PMN-MP content.
Next we thought to determine whether MPO associated with PMN-MPs is enzymatically active. In these experiments, PMN-MPs isolated from 1, 3 and 5×10 6 PMNs following stimulation with Lt-B/fMLF were examined for peroxidase activity using 2,2'-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) as a substrate in the presence of H 2 O 2 . Increased enzymatic activity was observed with increasing numbers of PMN-MPs, suggesting presence of active MPO on PMN-MPs (Fig 3D) . Consistent with immunoblotting data, very low peroxidase activity was detected in supernatants from fMLF or PMA stimulated PMNs (1×10 6 PMN/condition), however this was significantly increased with Lt-B/fMLF treatment (Fig 3E) . Importantly, PMN-MP release with active MPO was observed only following Lt-B/fMLF treatment (Fig 3E) . These data demonstrate that activated PMNs can release MPs carrying active MPO to potentially modulate tissue function.
PMN adhesion to IECs triggers the release of soluble and MP-associated MPO
Disruption of the actin cytoskeleton facilitated the release of PMN-MPs rich in MPO (Fig  3) . Since rapid reorganization of the actin cytoskeleton is required for PMN adhesion and polarization (39), we hypothesized that PMN adhesion to IECs may similarly result in release of PMN-MPs carrying active MPO, and that secreted PMN-MPs would be able to bind to the IEC surface and affect IEC wound healing. To test this idea, 1×10 6 PMNs were introduced to IECs (grown in 12-well tissue culture plates) and allowed to adhere for 3 hours at 37°C in the presence or absence of a low concentration of fMLF (100nM, to induce PMN adhesion) and/or PMN adhesion inhibitory anti-CD11b antibody (Ab) (10µg/ml, (10)). Low PMN adhesion to unstimulated IECs was significantly potentiated in the presence of fMLF, and was reversed with the addition of an anti-CD11b inhibitory Abs (Fig 4A) . Consistent with our hypothesis and the observed MPO-dependent inhibition of IEC wound healing, fMLF-induced PMN adhesion to IECs resulted in MPO release both into the supernatants (soluble MPO, Fig 4B) and in association with PMN-MPs (Fig 4C) . Since MPO release could be triggered by PMN apoptosis, we confirmed that at this time point no PMN apoptosis was observed (not shown). In support of the enzymatic assays, immunoblotting analysis of PMN-MPs isolated from supernatants of PMN and IEC co-cultures revealed an abundance of MPO (Fig 4D) . The release of soluble and MP-bound MPO was significantly attenuated in the presence of PMN adhesion inhibitory anti-CD11b Abs, suggesting a contact-dependent effect. Furthermore, immunofluorescence analysis of IEC monolayers following co-culture with PMNs (red) in the presence of fMLF revealed a robust attachment of MPO positive aggregates (green) consistent with the size of PMN-MPs (> 1µm, (38) ) ( Fig  4E) . Together these observations suggest that PMN adhesion to IECs can trigger the release of PMN-MPs, and that PMN-MPs can bind to the IEC surface to potentially mediate inhibitory effects on IEC wound healing.
PMN-MPs mediate MPO-dependent inhibition of IEC wound healing
To establish whether PMN-MP secretion could serve as a novel mechanism for PMNmediated inhibition of IEC wound healing (Fig 1) , we next examined the effect of PMN-MP binding (derived from LtB/fMLF-stimulated 3×10 6 PMNs) to IECs on IEC wound closure.
Consistent with effects of freshly isolated PMNs, PMN-MP treatment significantly inhibited IEC wound closure both 24 and 48 hours post-wounding (Fig 5A) . PMN-MP inhibitory effects on IEC wound healing were further potentiated with the addition of exogenous H 2 O 2 . For both treatments, pharmacological inhibition of MPO activity reversed the observed effects, suggesting a specific role for PMN-MP associated MPO. Importantly, the effect of MP-MPO on IEC wound healing was examined in an additional model simulating physiological conditions, where MPs rich in active MPO were isolated from cell supernatants following PMN adhesion to confluent IECs (as shown in Fig 4) . Consistent with the effect of MPs isolated from LtB/fMLF-stimulated PMNs, PMN adhesion-induced MPs in the presence of exogenous H 2 O 2 inhibited IECs wound healing (Fig 5B) . Under these conditions MP inhibitory effects on wound healing were also MPO-dependent, and were attenuated with the addition of MPO inhibitor. Since MPs isolated from PMN-IEC cocultures may contain IEC-derived MPs in control experiments, the effect of MPs isolated from IECs alone without PMN adhesion on IEC wound healing was examined. No significant changes were observed (Fig 5B) . To begin dissecting the mechanism for the MPO-dependent inhibition of wound healing, we next performed time-lapse imaging analyses to track the displacement of the leading edge cells under the specified conditions. We observed that the migratory capacity of leading cells at the wound edge was significantly decreased following treatments with PMN-MPs or recombinant MPO in the presence of H 2 O 2 ( Fig 5C and representative images with outlined cell displacement tracks D). In both cases decreased displacement of leading edge cells was rescued with the inhibition of MPO.
MPO inhibits IEC spreading and migration by interfering with actin dynamics
IEC attachment and spreading are critical for efficient migration of the epithelial sheet. To gain further insight into the mechanistic effects of MPO on IEC wound healing we analyzed the effect of both recombinant and PMN-MP associated MPO on IEC attachment and spreading. First we examined the effect of MPO with/without the addition of H 2 O 2 on integrin-mediated IEC attachment to collagen-coated surfaces. No significant effects were observed with either the recombinant or PMN-MP associated MPO (Fig 6A) , arguing intact integrin function. We next examined the effect of MPO treatment on IEC spreading. As shown in representative images (Fig 6B) and quantified in Figure 6C , treatment with recombinant MPO and PMN-MPs in the presence of H 2 O 2 significantly inhibited spreading of subconfluent IECs. Consistent with the role of MPO in this process, the addition of MPO inhibitor restored the spreading ability of IECs.
Changes in cell shape during spreading and forward movement of the epithelial sheet require active reorganization of the actin cytoskeleton (7) and extension of membrane protrusions (lamellipodia) (8) . Thus, we next examined the effect of recombinant MPO and PMN-MPs on the ability of migrating leading edge cells to extend lamellipodia, and on the organization of actin filaments by leading edge cells. Supporting previous findings (5) prominent lamellipodia formation was seen in control IECs (Fig 7A and B) , however, this process was significantly attenuated in the presence of recombinant MPO and PMN-MPs. For both treatments, inhibition of lamellipodia formation was further potentiated by the addition of exogenous H 2 O 2 , consistent with the idea of cumulative endogenous (IEC-derived) and exogenous (PMN-derived) H 2 O 2 contributions to the impairment of wound healing responses in the presence of MPO. Inhibition of MPO activity reversed these effects ( Fig  7A) . Furthermore, impaired actin fiber organization (zoom-in images, Fig 7B) and significant actin accumulation at the leading edge of migrating IECs following treatment with MPO/PMN-MP and H 2 O 2 was observed (Fig 7C) , indicating impaired actin dynamics (24) .
Recombinant and PMN-MP associated MPO inhibits IEC proliferation by inducing cell cycle arrest
In addition to migration, cell proliferation is an important contributor to epithelial wound healing (32) . Thus, we investigated the effect of PMN-MPs/MPO on IEC proliferation. Cell cycle analysis of subconfluent IECs following treatment with recombinant MPO and PMN-MP associated MPO (using Propidium Iodide staining and flow cytometry) in the presence of H 2 O 2 revealed a significant accumulation of IECs in G2/M phase (from 10.2±1.3%, control to 43.2±2.8% and 49.3±2.9%, recombinant and PMN-MP MPO respectively) indicating cell cycle arrest (Fig 8A) . These observations were further corroborated using Edu incorporation assay in scratch wounded IECs. The number of proliferating IECs at the wound edge was significantly decreased following treatment with either recombinant MPO or PMN-MPs, in the presence of H 2 O 2 ( Fig 8B and representative images, Fig 8C) . The addition of MPO inhibitors attenuated these effects, confirming the role of MPO in these responses. Together these findings suggest that the release of PMN-MPs and the activity of MPO by wound-infiltrating PMNs dampen IEC wound healing responses by downregulating actin dynamics and inhibiting cellular migration and proliferation.
PMN-MPs mediate MPO-dependent inhibition of IEC proliferation and wound healing in vivo
We next thought to examine the role for PMN-MPs and MPO in vivo. To this purpose we first isolated MPs from WT and MPO knockout bone marrow-derived PMNs (WT PMNMPs and KO PMN-MPs, respectively) following sequential stimulation with Lt-B (1µM, 5min 37°C) and fMLF (5µM, 20min, 37°C). Immunoblotting and enzymatic analysis confirmed MPO presence and peroxidase activity for WT PMN-MPs, but not KO PMN-MPs (Fig 9A and B) . Next, the inhibitory potential of WT PMN-MPs and control KO PMN-MPs was examined in scratch wound assays using murine IECs (CMT-93). The addition of WT PMN-MPs to scratch-wounded murine IECs resulted in significant inhibition of wound closure. This effect was further potentiated with the addition of the MPO substrate, H 2 O 2 (Fig 9C) , and reversed with MPO inhibitor. Importantly, treatment with KO PMN-MPs failed to inhibit IEC wound healing, arguing an MPO-specific effect (Fig 9C) . Consistent with observations in human cell lines, MPO-dependent inhibition of IEC proliferation was observed (Fig 9D) . Finally, we utilized a colonic-mucosal, biopsy-based wound model (32, 38) to examine the effect of PMN-MPs and MPO in vivo. In this setup, superficial mucosal wounds were introduced to mouse colons, and wound healing was monitored for 4 days post-wounding using endoscopic imaging. When indicated, WT or KO PMN-MPs were microinjected directly into the wound area 24hr post-wounding (Fig 9G, (32) ). WT PMNMPs induced ∼2-fold decrease in wound closure compared to control wounds (Fig 9E and  representative images, Fig 9F) . No significant effect on mucosal wound healing was observed with injection of KO PMN-MPs, confirming a role for PMN-MPs and MPO in wound healing in vivo. Inhibition of wound healing mediated by WT PMN-MP was due to decreased IEC proliferation (Fig 9H and representative images of Ki67 staining Fig 9I, lower panels) and delayed re-epithelialization of the colonic mucosa (Fig 9I, upper panels) , as evident from immunofluorescence labeling of frozen tissue sections from colonic mucosal wounds (day 4 after wounding).
DISCUSSION
Dysregulated PMN recruitment as seen in IBD is often associated with cell death and tissue injury (9) . Activated PMNs can induce tissue damage via several mechanisms including the release proteolytic enzymes and the production of ROS (40, 41) . As such, activated PMNs are known to generate H 2 O 2 , which is catalyzed by the heme enzyme, MPO (most abundantly expressed protein in PMNs), to form a potent oxidant, hypochlorous acid (HOCl) (16) . Pathological effects of MPO and HOCl on vascular endothelial cells and the underlying tissue function have been demonstrated in numerous diseases, including coronary artery disease and atherosclerosis (42) . In epithelial cells, MPO activity has been shown to induce DNA damage (43) and to correlate with IBD pathology (20) . Thus, in the current work we thought to investigate the effect of MPO on IEC wound healing. We found that alterations in the actin cytoskeleton (chemically-induced or following PMN adhesion to IECs) significantly potentiated activation-induced release of MPO by PMNs. MPO was secreted in a soluble form as well as in association with PMN-derived MPs and was found to mediate potent inhibition of IEC migration and proliferation leading to delayed wound healing. Consistent with previous work (44), we found that PMN stimulation with fMLF or PMA resulted in low-level MPO release, however, the release of MPO was significantly increased when the cytoskeleton-disrupting agent, latrunculin B (Lt-B) was used prior to PMN stimulation. Interestingly, PMA but not fMLF treatment triggered a significant mobilization of MPO to the cell surface. The role of MPO at the PMN cell surface is not clear yet, however, our observation supports other work that found increased surface MPO expression on PMNs in pregnant mice (45) . High surface MPO expression in these mice was suggested to compensate for the PMNs inability to mount efficient oxidative responses. Another possibility for the increased surface levels of MPO is the ability of released MPO to bind back to CD11b (a β 2 -integrin expressed at the PMN surface) to induce CD11b-dependent signaling in PMNs (46) . Given the important role for CD11b in PMN trafficking (10, 47) it is possible that extracellular MPO may contribute to the regulation of PMN recruitment.
Release of MPs has recently emerged as an important mechanism for PMNs to locally modulate tissue function and immune responses. Intriguingly, PMN-MPs were assigned both anti-and pro-inflammatory functions in various tissues. For example, MPs released into circulation by activated PMNs were found to competitively inhibit PMN adhesion and extravasation, thus potentially limiting the inflammatory response (48) . Likewise, MPs secreted by tissue infiltrating PMNs were found to penetrate arthritic joints and protect against cartilage degeneration by annexin A1-dependent action (37) . In contrast, in response to external stimuli, PMN-MPs were found to generate ROS or produce leukotriene B4 (21), which could potentiate tissue injury. Furthermore, PMN-MPs mediated MPO-dependent barrier disruption in endothelial cells (49) . The yin and yang of PMN-MP function may result from size heterogeneity, variations in protein composition and expression levels, and may depend on specific stimulating conditions. Indeed, we found fMLF or PMA simulation of PMNs results in the release of MMP-9 rich MPs (28), TNFα stimulation increased AnxA1 expression, however, MPO enrichment on MPs was restricted to Lt-B/fMLF treatment. Given stimulus dependence, MP protein composition may vary if released following PMN adhesion or migration across endothelial/epithelial layers or PMN tissue migration. Thus, while adhesion-induced MPs can carry high levels of an anti-inflammatory AnxA1 to mediate inhibition of PMN-endothelial cell interactions (48) , MPs released by transmigrating PMNs may contain MPO to mediate endothelial damage. Similarly, MPs released by tissue navigating PMNs may also be rich in AnxA1 and mediate protective effects (37) .
Finally, PMN-MP size (which, may also influence protein composition and tissue accessibility) and content are likely to be coupled to PMN degranulation, thus increased understanding of mechanisms involved in PMN-MPs release may aid in the future to establish conditions for anti-versus pro-inflammatory function of PMN-MPs.
We recently demonstrated that the shedding of junctional adhesion molecule like protein (JAML) by activated PMNs and JAML binding to coxsackievirus and adenovirus receptor (CAR) resulted in inhibition of IEC wound healing (31) . Neutralizing JAML-CAR interactions only partially recovered restitutive responses, suggesting that additional PMNderived mediators may be involved in this process. In the current work, we show MPO/ products of MPO enzymatic activity can similarly inhibit IEC wound healing. Importantly, we show for the first time that unlike JAML which was excluded from PMN-MPs, MPO was mobilized and secreted in association with PMN-MPs to exhibit potent inhibition of IEC wound healing. Moreover, PMN-MP MPO was more effective in mediating inhibitory effects on IEC wound healing compared to recombinant MPO at similar concentrations (1µg/ml). This could be due to a more direct and localized MPO delivery to IECs by PMNMPs, and/or increased MPO stability when bound to lipid bi-layers compared to soluble MPO. Indeed, MPO binding to HDL in cardiovascular disease has been shown to protect MPO from cellular uptake and degradation (50) . Whether this is true for PMN-MPs should be determined in future studies. In addition, other proteins or oxidative agents that may associate with PMN-MPs under these conditions could provide additive effects to that of MPO in inhibition of wound healing.
Finally, we show that both cellular migration and proliferation were affected by the MPO activity. Cell tracking microscopy revealed impaired ability of IECs to spread and exhibit efficient forward movement in the presence of recombinant and PMN-MP associated MPO and H 2 O 2 . As such, following both treatments, migrating IECs were unable to form leading edge lamellipodia that serve as footholds to propel the cell forward.
Similarly, while control IECs showed organized actin fibers and dispersal of actin within the lamellipodia, treatment with recombinant and PMN-MP associated MPO combined with H 2 O 2 showed impaired actin fiber formation by migrating IECs and significant accumulation of F-actin at the leading edge.
In summary, our findings suggest that PMN MPO may promote PMN-induced intestinal epithelial injury by inhibiting restitutive responses. Furthermore, our work implicates MPs secreted by tissue infiltrating PMNs as an efficient delivery system to locally modulate tissue function.
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